Cyclic nucleotide phosphodiesterases (PDEs) control the levels of the second messengers cAMP and cGMP in many cell types including endothelial cells. Although PDE2 has the unique property to be activated by cGMP but to hydrolyze cAMP, its role in endothelial function is only poorly understood. Reactive oxygen species (ROS) have been recognized as signaling molecules controlling many endothelial functions. We thus investigated whether PDE2 would link to ROS generation and proliferative responses in human umbilical vein endothelial cells in response to thrombin. Thrombin stimulated the GTPase Rac1, known to activate NADPH oxidases, and enhanced ROS formation, whereas PDE2 inhibition or depletion by short hairpin (sh)RNA prevented these responses. Similar observations were made with 8-Br-cGMP or atrial natriuretic peptide. In agreement, thrombin elevated cGMP but decreased cAMP levels, whereas db-cAMP or forskolin diminished Rac1 activity and ROS production. Subsequently, PDE2 overexpression activated Rac1, increased ROS generation, and enhanced proliferation and in vitro capillary formation. These responses were not observed in the presence of inactive Rac1 or shRNA against the NADPH oxidase subunit NOX2. Inhibition or depletion of PDE2 also prevented thrombin-induced proliferation and capillary formation. Importantly, downregulation of PDE2 by lentiviral shRNA or PDE2 inhibition prevented vessel sprouting from mouse aortic explants and in vivo angiogenesis in a mouse model, respectively. In summary, PDE2 promotes activation of NADPH oxidase-dependent ROS production and subsequent endothelial proliferation and angiogenesis. Targeting PDE2 may provide a new therapeutic approach in diseases associated with endothelial dysfunction, oxidative stress, vascular proliferation, and angiogenesis.
T he cyclic nucleotides cAMP and cGMP act as second messengers in a variety of cell signaling events. In the vasculature, cyclic nucleotides control many important functions including vascular tone, endothelial barrier function, proliferation, and apoptosis. 1 The levels of cyclic nucleotides are regulated by a dynamic balance between synthesis by adenylyl and guanylyl cyclases and hydrolysis by cyclic nucleotide phosphodiesterases (PDEs). 2 Although PDEs have been implicated in an increasing number of vascular functions, 3, 4 the molecular mechanisms that are regulated by PDEs are only incompletely understood.
PDEs are encoded by at least 21 different genes that are grouped, based on sequence similarity, mode of regulation, and preference for cAMP or cGMP as substrate, into 11 gene families. Transcription from different initiation sites in these genes and differential mRNA splicing results in the generation of close to hundred isoforms, many of which vary with respect to tissue distribution, intracellular localization, and crosstalk with other signaling cascades. 2, 5 PDEs that have been described in the vasculature are the cAMP-hydrolyzing PDE4 and the cGMP-specific PDE5, as well as the dualspecificity enzymes PDE1, PDE2, and PDE3, which can hydrolyze both cAMP and cGMP. Of the latter group of enzymes, PDE2 is unique in being potently stimulated by cGMP, but primarily hydrolyzing cAMP, thus mediating a negative "crosstalk" between cAMP and cGMP signaling. 4 Although initial data suggest an involvement of PDE2 in endothelial barrier function and migration, 6, 7 the specific role of PDE2 in controlling endothelial function and signaling is not completely clarified.
In addition to cyclic nucleotides, reactive oxygen species (ROS) have been associated with important vascular functions including regulation of the vascular tone, proliferation of vascular cells, angiogenesis, and endothelial permeability. 8 -10 NADPH oxidases have been considered as important sources of ROS in endothelial cells. 8 -11 These multiprotein enzyme complexes contain cytoplasmic regulatory subunits as well as membrane-bound proteins such as p22phox and the catalytic NADPH oxidase subunits. To date, 5 different NOX proteins have been described. Originally, a NOX2 (formerly gp91phox)-containing NADPH oxidase was described to be responsible for the respiratory burst in neutrophils. 12 A NOX2-containing enzyme was also found to be active in endothelial cells. 11, 13 Subsequently, other NOX proteins, including NOX4 and NOX5, have been found in these cells. 11, 13, 14 Full activation of some NOXs, including NOX1, NOX2, and NOX3, require activation of the GTPase Rac1. [15] [16] [17] Active Rac1 also binds to p21-activated kinase (PAK)1, which regulates cytoskeletal functions required for migration and proliferation. 18 We thus investigated whether PDE2 would link to ROS generation by NOXs and endothelial proliferative responses. We show that PDE2 mediates ROS production, endothelial proliferation, and angiogenesis involving Rac1 and NOX2.
Materials and Methods
Cell culture, plasmids, 7,19 -21 short hairpin (sh)RNA, transfection, luciferase assays, ROS measurements, 22 Western blot, 23 Rac activity assays, 24 cAMP and cGMP assays, proliferation assays, 22 in vitro angiogenesis assays, ex vivo mouse aortic explant assays, in vivo mouse Matrigel plug assays, and statistics are described in the expanded Materials and Methods section in the online data supplement, available at http://circres.ahajournals.org.
Results

PDE2 Mediates ROS Formation
Thrombin has been previously described to increase ROS levels in vascular cells. 14, 22 In fact, exposure of human umbilical vein endothelial cells (HUVECs) to thrombin (3 U/mL) rapidly increased intracellular ROS levels measured by dichlorofluorescein (DCF) ( Figure 1A ) and dihydroethidium (DHE) fluorescence ( Figure 1B ) and extracellular ROS levels determined by MCLA chemiluminescence (Figure 1C) . We thus determined the involvement of PDE2 in ROS generation by thrombin. Treatment of HUVECs with an inhibitor of PDE2, PDP, which has been shown previously to completely and selectively inhibit PDE2 activity, 7 diminished thrombin-induced ROS generation ( Figure 1 ). To avoid the possibility that PDP could quench radicals, we targeted PDE2 by shRNA, leading to downregulation of PDE2 protein levels by Ϸ35% ( Figure 1D ). Similar to the effect of the PDE2 inhibitor, thrombin-stimulated ROS production was abrogated in PDE2-depleted HUVECs (Figure 1 ). PDE2 depletion also decreased thrombin-stimulated ROS production in pulmonary artery smooth muscle cells (Figure I in the online data supplement), which expressed PDE2 to a similar extent than HUVECs, suggesting that PDE2 may be important for controlling ROS levels also in other vascular cells. This assumption was further confirmed in PDE2-overexpressing HUVECs, which contained Ϸ50% more PDE2 protein than controls ( Figure 2A) and showed significantly increased ROS levels, as determined by MCLA chemiluminescence or DHE fluorescence ( Figure 2B and 2C). Stimulation with thrombin further increased ROS levels in PDE2-overexpressing HUVECs, confirming that overexpressed PDE2 is function-ally active in our experimental system. In support of this finding, addition of the antioxidants N-acetylcysteine (NAC) or vitamin C abrogated PDE2-mediated ROS generation ( Figure 2D ).
PDE2 Mediates Activation of Rac1 and PAK1
We next explored the mechanisms underlying PDE2mediated ROS generation. NADPH oxidases are important enzymatic sources of ROS in endothelial cells, which are activated by the GTPase Rac1. Indeed, expression of constitutively active RacG12V increased ROS production ( Figure   Figure 1 . PDE2 modulates ROS generation in endothelial cells. HUVECs were preincubated for 30 minutes with the PDE2 inhibitor PDP (100 nmol/L) or vehicle (Ctr) or transfected with vectors encoding PDE2 shRNA (siP2) or control shRNA (siCtr). A through C, Cells were stimulated with thrombin (3 U/mL) for 5 minutes. ROS production was determined by DCF (A) or DHE (B) fluorescence or MCLA-derived chemiluminescence (C). Data are presented as relative changes to controls (100%) (nϭ3; *PϽ0.05 vs unstimulated Ctr or control shRNA, #PϽ0.05 vs thrombin-stimulated Ctr or siCtr). D, Western blot analyses were performed using antibodies against PDE2 and actin to test transfection efficiency. PDE2 protein levels are presented as relative changes to siCtr (100%) (nϭ3; *PϽ0.05).
2C
). Subsequently, thrombin rapidly activated Rac1 after 15 seconds of stimulation, and this response remained elevated for 5 minutes ( Figure 3A ), whereas inhibition of PDE2 by PDP or PDE2 depletion by shRNA diminished thrombininduced activation of this GTPase ( Figure 3B ). Rac1 was Figure 2 . PDE2-induced ROS production is dependent on Rac1 and NOX2. HUVECs were transfected with a plasmid encoding PDE2 or control vector (Ctr). A, Western blot analyses using antibodies against PDE2, c-myc, and actin were performed to test transfection efficiency. PDE2 protein levels are presented as relative changes to control vector (100%) (nϭ3; *PϽ0.05). B, Cells were stimulated with thrombin (Thr) (3 U/mL) for 5 minutes. ROS production was determined by MCLA-derived chemiluminescence. Data are presented as relative changes to untreated control vector (100%) (nϭ3; *PϽ0.05 vs Ctr, #PϽ0.05 vs PDE2-overexpressing Ctr). C, HUVECs were transfected with vectors encoding PDE2 or active RacG12V (RacV12) and stimulated with thrombin (Thr). ROS production was measured by DHE fluorescence. Data are presented as relative changes to untreated control vector (100%) (nϭ3, *PϽ0.05 vs untreated Ctr, #PϽ0.05 vs PDE2-overexpressing cells). D, HUVECs overexpressing PDE2 were treated for 30 minutes with vitamin C A, HUVECs were exposed to thrombin (Thr) (3 U/mL) for different time points or transfected with a plasmid encoding for PDE2 or with control vector (Ctr) and stimulated with thrombin. Rac1 activity was determined by a pulldown assay. Representative blots are shown (nϭ3). B, HUVECs were preincubated for 30 minutes with PDE2 inhibitor (PDP) (100 nmol/L) or vehicle (Ctr) or transfected with a vector encoding PDE2 shRNA (siP2) or control shRNA (siCtr) and stimulated with thrombin for 15 seconds. Rac1 activity was measured by a pull-down assay and quantified by densitometry. Data are presented as relative changes to the respective controls (100%) (nϭ3; *PϽ0.05 vs unstimulated controls, #PϽ0.05 vs thrombinstimulated controls). C, HUVECs were preincubated for 30 minutes with PDP and stimulated with thrombin for the times indicated. The levels of phosphorylated PAK1 (p-PAK1) or total PAK1 were evaluated by Western blot analyses, quantified by densitometry, and presented as relative changes to untreated cells (100%) (nϭ3; *PϽ0.05 vs untreated cells, #PϽ0.05 vs thrombin-stimulated control). activated in PDE2-overexpressing HUVECs, and Rac1 activation was further enhanced by thrombin ( Figure 3A) , indicating that PDE2 activation by thrombin is essentially involved in Rac1 activation.
Because PAK1 is a substrate of Rac1, we determined whether this kinase could also be activated in a PDE2dependent manner. Thrombin stimulated PAK1 phosphorylation within 15 seconds, whereas treatment with PDP abolished these responses ( Figure 3C ), confirming the relevance of PDE2 in activation of Rac1-dependent pathways.
Because tumor necrosis factor (TNF)-␣ has been described to activate PDE2, 7 we determined the levels of activated Rac1 and ROS in TNF-␣-treated HUVECs. Similar to thrombin, TNF-␣ increased Rac1 activation and ROS production (Online Figure II ), whereas depletion of PDE2 abrogated these responses, confirming the importance of PDE2 in Rac1 activation and ROS formation.
PDE2 Mediates ROS Production by Rac1 and NOX2
Next, we determined whether Rac1-dependent NOX2 contributes to ROS production in the presence of PDE2. PDE2overexpressing HUVECs were transfected with dominantnegative RacT17N, resulting in significantly decreased ROS production compared to PDE2-overexpressing controls (Figure 2D ). Subsequently, depletion of NOX2 by shRNA reduced ROS generation of PDE2-overexpressing HUVECs ( Figure 2D ). Interestingly, NOX2 protein levels were upregulated in PDE2-overexpressing cells but were diminished in NOX2-depleted cells (Online Figure III ), suggesting that PDE2 is not only involved in rapid stimulation of ROS production by activation of Rac1-dependent NOXs but may also contribute to more prolonged ROS formation because of upregulation of NOX2.
Decreased cAMP Levels Permit Rac1 Activation and ROS Production by Thrombin
Because PDE2 can hydrolyze cAMP, we investigated the role of cAMP in the regulation of Rac1 activity and ROS generation in our cellular system. Similar to PDE2 overexpression, thrombin decreased intracellular cAMP levels in control cells and even further in PDE2-overexpressing cells ( Figure 4A ). These data suggest that decreased cAMP levels resulting from PDE2 activation may allow Rac1 activation and ROS generation, whereas inhibition of PDE2 would elevate cAMP levels and thus prevent ROS production. To test this assumption, HUVECs were treated with the activator of adenylyl cyclase, forskolin, the cell-permeable cAMP analog db-cAMP, or the PDE2 inhibitor. All substances restored cAMP levels in the presence of thrombin ( Figure 4B ). Similar to PDE2 inhibition or depletion, forskolin or db-cAMP decreased ROS production and prevented Rac1 activation by thrombin ( Figure 4C and 4D). Inhibition of the cAMP-hydrolyzing enzymes PDE3 and PDE4 by motapizone and piclamilast also decreased thrombin-induced ROS production and Rac1 activation (Online Figure IV) further supporting a role of cAMP as a regulatory element in controlling ROS production by PDEs.
cGMP Mediates Rac1 Activation and ROS Production
Because PDE2 can be activated by cGMP, but has also been described to hydrolyze cGMP under certain conditions, we evaluated the role of cGMP in mediating endothelial ROS . Modulation of cAMP levels affects Rac1 activity and ROS production. A, HUVECs were transfected with a vector encoding PDE2 or control vector (Ctr) and stimulated with thrombin (Thr) (3 U/mL) for 5 minutes. cAMP levels were determined by ELISA. Data are presented as relative changes to untreated Ctr (100%) (nϭ3; *PϽ0.05). B through D, HUVECs were preincubated for 30 minutes with db-cAMP (cAMP) (1 mmol/L), forskolin (F) (10 mol/L), or the PDE2 inhibitor PDP (100 nmol/L) and stimulated with thrombin (3 U/mL) for 5 minutes. B, cAMP levels were determined by ELISA. Data are presented as relative changes to thrombin-stimulated controls (Ctr) (100%) (nϭ3; *PϽ0.05). C, ROS production was determined by DCF fluorescence. Data are presented as relative changes to untreated cells (Ctr) (100%) (nϭ6; *PϽ0.05 vs Ctr, #PϽ0.05 vs thrombin-stimulated Ctr). D, Rac1 activity was measured by a pull-down assay and quantified by densitometry. Data are presented as relative changes to untreated cells (Ctr) (100%) (nϭ3; *PϽ0.05 vs Ctr, #PϽ0.05 vs thrombin-stimulated Ctr). generation. Thrombin significantly increased cGMP levels within 5 minutes of application ( Figure 5A ), but this response was not affected by depletion or overexpression of PDE2 suggesting that PDE2 cGMP-hydrolyzing activity was not prominent in our system. Subsequently, treatment with the cell-permeable cGMP analogue 8-Br-cGMP, or atrial natriuretic peptide (ANP), as a direct activator of transmembrane guanylyl cyclases, activated Rac1 ( Figure 5B ). On PDE2 inhibition or downregulation, ANP-mediated Rac1 activation was diminished. In line, 8-Br-cGMP or ANP enhanced ROS levels, and this response was also dependent on PDE2 ( Figure  5C ), suggesting that under conditions of elevated cGMP levels, including thrombin and ANP treatment, PDE2 is involved in Rac1 activation and ROS formation.
Interestingly, expression of constitutively active RacG12V or PAKT423E increased intracellular cGMP levels ( Figure  5D ). These findings suggest that Rac1 and PAK1 are also involved in the control of cGMP generation and that a positive-feedback loop may exist where cGMP-stimulated PDE2 activates Rac1 and PAK1, which then elevate cGMP levels. Further studies, which are beyond the scope of this study, will be required to delineate the exact mechanisms underlying this observation.
PDE2 Mediates Endothelial Cell Proliferation and the Angiogenic Response
We next investigated the effect of PDE2 on long-term endothelial responses, such as proliferation and angiogenesis. We first determined whether thrombin is able to modulate PDE2 protein levels using Western blot analyses. Thrombin increased PDE2 protein levels, peaking at 4 hours (Online Figure V) . We next investigated the effect of PDE2 on endothelial proliferation. Exposure of HUVECs to thrombin resulted in increased DNA synthesis, as was monitored by 5-bromodeoxyuridine (BrdUrd) incorporation, whereas addition of PDP or depletion of PDE2 by shRNA completely abolished this proliferative response ( Figure 6A ) without signs of cell death. Similarly, ANP increased endothelial proliferation, and this effect was not observed in PDE2depleted cells. On the other hand, BrdUrd incorporation was significantly increased in PDE2-overexpressing HUVECs ( Figure 6A ), whereas this effect was diminished on treatment with the antioxidant NAC, depletion of NOX2, or overexpression of RacT17N ( Figure 6B ), indicating that PDE2 is upstream of NOXs and ROS generation in mediating proliferation of endothelial cells.
Because proliferation is a prerequisite for angiogenesis, we evaluated whether PDE2 plays a role in the formation of capillary-like structures using in vitro Matrigel assays. Thrombin induced the formation of capillary-like structures, whereas depletion of PDE2 ( Figure 6C ) or treatment with the PDE2 inhibitor (Online Figure V) prevented this response. ANP also stimulated the formation of new capillaries in a PDE2-dependent manner ( Figure 6C ), further indicating that PDE2 plays an important role in promoting endothelial tube formation. In support of this, PDE2 overexpression increased formation of capillary-like structures ( Figure 6D ).
To test whether ROS play a role in PDE2-stimulated proliferation or angiogenesis, HUVECs overexpressing PDE2 Figure 5 . Increased cGMP levels activate Rac1 and ROS generation. A, HUVECs were transfected with vectors encoding for PDE2 or an PDE2 shRNA (siP2), or respective control vectors, and stimulated with thrombin (Thr) (3 U/mL) for 5 minutes. cGMP levels were determined by ELISA. Data are presented as relative changes to the respective unstimulated controls (Ctr, siCtr) (100%) (nϭ3; *PϽ0.05 vs Ctr or siCtr). B, HUVECs were stimulated with 8-Br-cGMP (cGMP) (1 mmol/L) for 15 seconds or treated for 30 minutes with the PDE2 inhibitor PDP (100 nmol/L) or vehicle (Ctr) or transfected with a vector encoding for PDE2 shRNA (siP2) or control shRNA (siCtr) and stimulated with ANP (100 nmol/L) for 2 minutes. Rac1 activity was determined by a pull-down assay and quantified by densitometry. Data are presented as relative changes to the respective controls (Ctr, siCtr) (100%) (nϭ3; *PϽ0.05 vs unstimulated Ctr or siCtr, #PϽ0.05 vs ANP-stimulated Ctr or siCtr). C, HUVECs were preincubated for 30 minutes with PDP or vehicle (Ctr) and stimulated with cGMP or ANP. ROS production was determined by DCF fluorescence. Data are presented as relative changes to the respective controls (Ctr, siCtr) (100%) (nϭ3; *PϽ0.05 vs Ctr or siCtr, #PϽ0.05 vs ANP-stimulated Ctr or siCtr). D, HUVECs were transfected with vectors encoding RacG12V (RacV12) or PAKT423E (PAKT432) or control vector (control). cGMP levels were determined by ELISA. Data are presented as relative changes to control (100%) (nϭ3; *PϽ0.05).
were treated with NAC or were transfected with RacT17N or NOX2 shRNA ( Figure 6D ). In all cases, PDE2-induced formation of capillary-like structures was abrogated, confirming again that ROS are downstream mediators of PDE2 signaling controlling endothelial proliferative responses.
In a next step, mouse aortic rings were embedded in a collagen matrix in an ex vivo sprouting assay and transduced with lentiviral constructs expressing shRNA against PDE2, resulting in depletion of PDE2 and subsequently diminished vessel sprouting compared to controls ( Figure 7A and 7B) . Similarly, treatment with the PDE2 inhibitor prevented vessel outgrowth (Online Figure V) .
Finally, we used an in vivo model to evaluate the involvement of PDE2 in angiogenesis. HUVECs were embedded in Matrigel plugs in the presence or absence of PDP. Plugs were Figure 6 . PDE2 stimulates endothelial cell proliferation and tube formation. A, HUVECs were treated with the PDE2 inhibitor PDP (100 nmol/L) or transfected with vectors encoding PDE2 shRNA (siP2) or control shRNA (siCtr) and stimulated with thrombin (Thr) (3 U/mL) or ANP (100 nmol/L) or transfected with a vector encoding PDE2 or with control vector (Ctr). Proliferative activity was assessed by BrdUrd incorporation. Data are presented as relative changes to controls (Ctr, siCtr) (100%) (nϭ3 to 6; *PϽ0.05 vs Ctr, siCtr; #PϽ0.05 vs thrombin-or ANP-stimulated Ctr, siCtr). B, PDE2-overexpressing HUVECs were transfected with vectors encoding RacT17N (RacN17) or NOX2 shRNA (siNOX2) or were treated with NAC (2 mmol/L). Proliferative activity was assessed by BrdUrd incorporation. Data are presented as relative changes to PDE2-overexpressing cells (Ctr) (100%) (nϭ3, *PϽ0.05). C, HUVECs were transfected with vectors encoding PDE2 shRNA (siP2) or control shRNA (siCtr) and stimulated with thrombin or ANP for 2 hour. Formation of capillary-like structures in Matrigel was allowed for 24 hours at 37°C and quantified using ImageJ software. Data are presented as relative changes to control (siCtr) (100%) (nϭ3, *PϽ0.05 vs siCtr, #PϽ0.05 vs thrombin-stimulated or ANP-stimulated siCtr). D, HUVECs were transfected with a vector encoding for PDE2 or with control vector (Ctr) and cotransfected with vectors encoding RacT17N (RacN17) or NOX2 shRNA (siNOX2) or were treated with NAC. Tube-forming structures were quantified. Data are presented as relative changes to PDE2-overexpressing cells (Ctr) (100%) (nϭ3; *PϽ0.05). A, Mouse aortic rings were cultured in collagen gels and transduced with lentiviral vectors encoding for PDE2 shRNA (shP2a, shP2b) or control shRNA (shCtr). Vessel sprouting was allowed for 4 days. Tubule length was quantified using ImageJ software. Data are presented as relative changes to shCtr (100%) (nϭ3; *PϽ0.05). B, Western blot analysis using an antibody against PDE2 was performed in shCtr and shPDE2expressing aortic rings. Ponceau S (Ponc) staining served as loading control. C, HUVECs were mixed with Matrigel and the PDE2 inhibitor PDP (100 nmol/L) or vehicle (Ctr). Matrigel plugs were subcutaneously injected into mice. Formation of capillarylike structures from HUVECs in the plugs was visualized by CD31 staining. The cell area of the tube-forming structures was quantified using ImageJ software. Data are presented as relative changes to Ctr (100%) (nϭ3; *PϽ0.05).
injected subcutaneously into mice, and vessel formation was assessed after 7 days ( Figure 7C ). Compared to control plugs, the formation of new vascular structures was significantly inhibited in plugs containing the PDE2 inhibitor, further confirming that PDE2 plays an important role in the control of angiogenesis.
Discussion
In this study, we show for the first time that PDE2 is actively involved in thrombin stimulation of ROS production in HUVECs, by activating Rac1 and a NOX2-dependent NADPH oxidase. We further provide evidence that PDE2mediated activation of ROS production by NOX2 promotes endothelial cell proliferation and angiogenesis in vitro and in vivo.
PDE2 Stimulates Formation of ROS via Rac1 and NOX2
Our findings clearly highlight a role of PDE2 in the regulation of ROS levels in HUVECs because thrombinstimulated intracellular and extracellular ROS generation was diminished by the selective PDE2 inhibitor PDP or PDE2 depletion.
Importantly, our data provide evidence that NADPH oxidases are a source of ROS controlled by PDE2 and thrombin, because PDE2 overexpression activated the GTPase Rac1, whereas PDE2 inhibition prevented thrombin-induced Rac1 activation. Rac1 is a known activator of NOX2-dependent NADPH oxidases, which are importantly involved in endothelial ROS generation in response to many stimuli including thrombin. 13, 25 Indeed, expression of constitutively active Rac1 increased ROS levels. In contrast, dominant-negative RacT17N or depletion of NOX2 by shRNA decreased ROS production by thrombin (data not shown). Importantly, PDE2 overexpression increased ROS levels and Rac1 activation, and these effects were enhanced by thrombin, indicating that overexpressed PDE2 is functionally active, also without cGMP addition, similar to the situation described in HUVECs and COS1 cells. 7, 26 In line with this, PDE2-stimulated ROS production was abrogated in the presence of RacT17N or in the absence of NOX2, confirming that PDE2 mediates ROS production by activating Rac1 and NOXs in endothelial cells. Interestingly, in addition to this rapid response, PDE2 overexpression was associated with enhanced levels of NOX2, suggesting that PDE2 may be also involved in prolonged ROS production in endothelial cells associated with upregulation of NOXs and endothelial dysfunction.
Our data further suggest that thrombin, similar to ANP, enhances cGMP levels, thus activating PDE2 to primarily hydrolyze cAMP. In fact, inhibition of PDE2 restored cAMP levels in thrombin-stimulated cells, whereas depletion of PDE2 did not significantly affect thrombin-stimulated cGMP levels. In line with this, cAMP hydrolysis was important for ROS generation and Rac1 activation in response to thrombin or ANP, because elevation of cAMP levels by forskolin or db-cAMP prevented thrombin-induced Rac1 activation and ROS production.
A crosstalk between the cGMP and cAMP pathways has been reported in other cellular settings. In platelets or adrenal glomerulosa cells, increased cGMP levels resulting from NO or ANP, activated PDE2, and reduced cAMP. [27] [28] [29] [30] In line with this, previous studies have shown that increased cAMP levels blocked superoxide formation in neutrophils 31 and that the nonhydrolyzable S(p)-cAMPS decreased the levels of activated Rac1 by inhibition of the Rac1-specific guanine nucleotide exchange factor p-Rex1. 32 However, inhibition of other cAMP-hydrolyzing PDEs, namely PDE3 or PDE4, decreased ROS generation in isolated rat glomeruli 33 or in mesangial cells. 34 Of note, in our cellular system, inhibition of PDE3 and PDE4 also diminished thrombin-stimulated ROS production and Rac1 activity in endothelial cells (Online Figure IV) .
In addition to thrombin and ANP, PDE2 inhibition prevented Rac1 activation and ROS production by TNF-␣ in HUVECs. TNF-␣ has been previously shown to stimulate PDE2 in HUVEC, 7 indicating that the involvement of PDE2 activation in the control of ROS levels is a more general response. In support of this, PDE2 also contributed to ROS formation by thrombin in pulmonary artery smooth muscle cells, which expressed PDE2 protein similar to HUVECs.
Previous studies have shown that cAMP and protein kinase A inhibited PAK1 in vivo, 35 whereas cGMP stimulated PAK1 in endothelial cells. 36 Concomitantly, inhibition of PDE2, which restored cAMP levels, decreased PAK1 phosphorylation by thrombin. Our data also showed that active Rac1 or PAK1 increased cGMP levels in HUVECs, indicating that cGMP is not only upstream of the Rac1-PAK1 pathway but could be also downstream. In this regard, it was demonstrated that Rac1 uses PAK1 to directly activate transmembrane guanylyl cyclases, leading to increased cellular cGMP levels. 37 Thus, PDE2-mediated Rac1 and PAK1 activation and the subsequent increase in cGMP may form a positivefeedback loop to maintain PDE2 activity, which could initiate a vicious circle promoting sustained ROS generation ( Figure  8 ). Sustained elevation of ROS levels has been associated with deterioration of endothelial function because of decreased NO bioavailability. 38, 39 Thus, our study suggests that inhibition of PDE2 may have antioxidant effects by preventing activation of NOXs and decreasing ROS levels, and may have additional protective effects because of increased bioavailability of NO in situations of endothelial dysfunction.
PDE2 Enhances Endothelial Proliferation, Tube Formation, and Angiogenesis
Our results further provide strong evidence in vitro and in vivo that PDE2 is an important regulator of the angiogenic response, because overexpression of PDE2 enhanced endothelial proliferation and in vitro tube formation, whereas inhibition or depletion of PDE2 prevented thrombinstimulated endothelial proliferation and formation of tubelike structures. Importantly, vessel sprouting was abrogated in mouse aortic rings depleted of PDE2, and the formation of new vessels was also prevented in vivo by inhibition of PDE2 as assessed by a murine angiogenesis model. Our findings that thrombin increases PDE2 levels in HUVECs and that PDE2 overexpression potently enhances endothelial proliferation and formation of capillary structures confirms the importance of PDE2 in controlling endothelial proliferation and angiogenesis and supports the notion that PDE2 levels may be limiting.
In contrast, a previous study showed that PDE2 inhibition by EHNA alone was not sufficient to prevent vascular endothelial growth factor (VEGF)-induced endothelial proliferation but additional application of a PDE4 inhibitor was required to reduce the proliferative responses. 6 Although the reasons for these conflicting data are not clear, they may relate to different efficiency and specificity of the PDE2 inhibitors used and/or the use of different stimuli. In support of our study, the PDE2 inhibitor BAY31-9742 decreased endothelial migration in response to VEGF similar to inhibition of PDE3 and PDE4 3 and our results demonstrating that inhibition of PDE3 and PDE4 decreases thrombin-induced tube formation. However, our study is the first to show that enhanced levels of PDE2 are sufficient to increase endothelial cell proliferation and formation of tube-like structures.
Upregulation of PDE2 by TNF-␣ was previously shown to regulate endothelial permeability by thrombin 7 and increased PDE2 expression in response to VEGF was a prerequisite for migration of HUVECs. 3 Most importantly, the angiogenic response mediated by PDE2 was critically dependent on Rac1 and NOX2, thus providing, for the first time, evidence that PDE2 regulates the angiogenic response by controlling activation of NOXs and ROS levels. In line with this, NOX2, Rac1, and PAK1 are well-known regulators of angiogenesis, 18, 40 and the NOX components p22phox and NOX5 have been shown to contribute to thrombin-stimulated endothelial proliferation and formation of capillaries. 14, 22 Thus, PDE2-dependent activation of NOX-derived ROS and of PAK1 may be crucially involved in endothelial proliferation in response to thrombin.
Taken together, this study demonstrated that PDE2 increased NOX-dependent ROS generation in endothelial cells, involving Rac1 activation and NOX2 upregulation, and that this pathway promotes endothelial proliferation and angiogenic responses. Elevation of cGMP levels by thrombin may thereby stimulate PDE2 to lower cAMP levels, thus allowing activation of Rac1, PAK1, and NOXs. Because active Rac1 and PAK1 also enhanced cGMP levels, which may then further activate this pathway, PDE2 inhibition may provide a new therapeutic strategy applicable to cardiovascular disorders associated with endothelial dysfunction and oxidative stress, vascular proliferation, and remodeling or angiogenesis.
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